Transition rates in O 2 -O collisions for each vibrational and rovibrational state are generated by means of the quasiclassical trajectory method using potential energy surfaces of different fidelities. The first potential energy surface, obtained via the double many-body expansion method, is adopted to obtain vibrational transition rates assuming transrotational equilibrium. The trajectory simulation on a simpler potential surface, based on the two-body pairwise interaction, generates a complete set of rates for each internal state. Vibrational and rotational relaxations of oxygen in a heat bath of parent atoms are modeled by a system of master equations at translational temperatures between 1000 and 20,000 K. It is shown that the vibrational relaxation becomes less efficient at high temperatures, in contrast with the conventional equation 
= energy of collision, eV j, j 0 = initial and final rotational quantum numbers K = bound-bound transition rate, cm 3 ∕s n i = number density of O 2 rovibrational level i, cm −3 n O = number density of atomic oxygen, cm −3 T, T vib = translational, vibrational, and rotational temperatures, K v, v 0 = initial and final vibrational quantum numbers σ = cross section, Å τ vib , τ rot = vibrational and rotational relaxation times, s Φ = transition probability I. Introduction D URING flight at hypersonic speed, a significant degree of thermal nonequilibrium in the flow field can be observed. Because oxygen quickly dissociates during reentry, the O 2 thermochemistry has attained less attention than other aspects of hypersonic aerothermodynamics. However, during the cruise flight of a hypersonic vehicle at a moderate velocity of 2−3 km∕s, a significant amount of molecular oxygen is encountered in the postshock region. Meanwhile, significant progress in the stateresolved chemistry models of atmospheric species has been achieved over the past decade [1] [2] [3] [4] [5] [6] . Toward this end, the application of advanced numerical methods for the simulation of oxygen chemistry is described in the current work.
The quasi-classical trajectory (QCT) method was previously used to generate cross-section data for important three-body systems such as N 2 -N, N 2 -O, O 2 -O, and H 2 -H [5, [7] [8] [9] . In these calculations, the simulation of atom-molecule collisions with randomly sampled parameters is preceded by the choice of an accurate, preferably ab initio, potential energy surface (PES), which ultimately governs the properties of molecular systems. Further analysis should involve the solution of kinetic equations that are coupled to the set of statespecific transition rates. This step presents a significant computational challenge due to the large number of internal states. An accurate state-to-state model considers each energy state as a separate species. The total number of equations is on the order of several thousand for each molecular species, and such a system of equations is numerically stiff due to the rapid dissociation at high temperatures.
These factors make the state-to-state kinetic approach an extremely expensive and, at the same time, very desirable technique, since it is possible to model the thermal nonequilibrium in a shock flow without assuming the existence of internal temperature. Recent works in this direction have reported the studies of rovibrational relaxation and dissociation in the N 2 -N [3, 4] and the O 2 -Ar [10] systems using accurate transition rates under constant heat bath conditions. Among other molecular systems, the interaction of O 2 with its parent atom is of interest [11] . Oxygen chemistry is also important in the flight environment of scramjet engines. On the other hand, vibrational relaxation in O 2 -O collisions is known to proceed several orders of magnitude faster than that of other molecules [12] due to the large attractive component in the O 3 potential energy surface [13] .
Recently, the importance of using a state-resolved kinetic approach for the description of oxygen shock flows was demonstrated [14] . The O 2 -O transition rates, obtained in the present work via the Varandas and Pais PES [13] , were used to simulate the vibrational relaxation in the range of translational temperatures between 4000 and 10,800 K in experiments conducted by Ibraguimova et al. [15] . Since the complete set of O 2 −O 2 transition rates obtained by trajectory simulations is not available, the force harmonic oscillator model was used [16] . The state-to-state approach was shown to give a consistently more accurate representation of vibrational temperature behind the shock, measured by laser absorption in the O 2 X 3 Σ − g − B 3 Σ − u Schumann-Runge bands, compared to the two-temperature model [17] . The difference between these two thermodynamic models increases with temperature, which is due to the larger amount of atomic oxygen in the stronger shock waves.
The O 2 −O transition rates for each vibrational state were obtained previously by Esposito et al. [5] on an accurate PES by Varandas and Pais [13] at temperatures between 100 and 10,000 K. The present paper adopts two potential energy surfaces of different fidelity. First, the O 2 −O system is revisited using the same PES as in [5] over a broader range of collision energy that is of relevance to hypersonic flows. Due to the high cost of employing this PES, the rates are obtained for each vibrational state assuming transrotational equilibrium. Additionally, a complete set of trajectory simulations for each internal state is carried out on a simpler PES, based on the pairwise potential. These two sets of rates are employed in a system of master equations to describe the rotational and vibrational relaxation in O 2 -O collisions.
This paper is organized as follows. Section II provides a background on the molecular structure of oxygen and on the existing data of O 2 -O collisional dynamics. Section III addresses the governing relations of the QCT method and master equations. The detailed study of rovibrational relaxation is presented in Sec. IV. Conclusions are given in Sec. V. The supplemental data are listed in the Appendix.
II. Background A. O 2 and O 3 Molecular Structure
In the present work, two potential energy surfaces of different fidelity are adopted to study the O 3 system. The first PES is obtained by the summation of interactions between each pair of atoms. This potential surface does not account for the many-body interaction; however, the QCT simulation with this PES can demonstrate the influence of the three-body interaction. This potential surface is obtained as follows:
V O 3 r AB ; r BC ; r AC V O 2 ;AB r AB V O 2 ;BC r BC V O 2 ;AC r AC (1) where the diatomic interaction V O 2 r is given by the HulburtHirschfelder (HH) potential:
V O 2 r D1 − exp−ar − r e 2 ca 3 r − r e 3 exp−2ar − r e 1 abr − r e (2)
Coefficients a, b, and c are determined by the spectroscopic constants of oxygen, listed in [18] . The Wentzel-Kramers-Brillouin (WKB) method is used to generate energy levels. The HH PES supports 36 vibrational states, a maximum of 231 rotational states, and a total number of 5117 rovibrational states of O 2 X 3 Σ − g . An accurate O 3 X 1 A 1 PES [13] , derived via the double manybody expansion method, is also adopted for the purpose of highfidelity simulation. This PES is obtained by the multiproperty fitting of ab initio energies, existing experimental data on total scattering cross sections, and the measurements of kinetic thermal rates. The Varandas and Pais PES [13] well describes the main topographical features of the singlet ozone as a whole and presents a good compromise between cost and accuracy [19, 20] . The Varandas and Pais PES [13] reproduces the ab initio value of energy difference between open chain stable and cyclic metastable conformers and has the R −n function of long-range forces in the dissociation channel. The O 3 dissociation energy of 1.13 eV at the O-O bond length of 1.27 Å and the angle of 116.8 deg are in excellent agreement with experimental data [21] .
The extended Hartree-Fock approximate correlation energy method [22] is used to described the two-body potential in the Varandas and Pais PES [13] . The WKB method generates 47 vibrational levels and a maximum of 236 rotational levels for molecular oxygen on this PES. Internal energies for these PESs are given in [23] . The total number of rovibrational states on the Varandas and Pais PES [13] is equal to 6245. Taking into account the nuclear spin statistics of a homonuclear molecule, the even-numbered rotational levels for the O 2 X 3 Σ − g state are forbidden. Since, during a bound-bound rovibrational transition, the symmetry of the initial and final states cannot change, transitions of the O 2 molecule in the ground electronic state are only allowed between odd-numbered rotational levels [21] .
When incorporated into the QCT code, the Varandas and Pais PES [13] requires approximately 8 to 10 times more computational resources than the HH PES. Due to this reason, the calculation of state-specific transition rates for the entire rovibrational ladder using the Varandas and Pais PES [13] is now in progress and not reflected in the present paper. As the first step of investigation using the highfidelity PES, the rotationally averaged transition rates for all vibrational states are obtained at rotational temperatures of 1000, 2000, 3000, 5000, 10,000, and 20,000 K. For the HH PES, a complete set of rovibrational cross sections is generated and discussed in the present paper.
The comparison of HH and Varandas and Pais [13] potentials is shown in Fig. 1 for the O 2 -O collinear collision. The HH PES suggests a deep triangular minimum of potential energy, whereas the PES by Varandas and Pais has a linear direction of the closest approach and two saddle points at distances of 1.6 and 2.4 Å. The potential barriers, introduced by these saddle points, are 0.6 and 1.9 eV, respectively. Thus, it is expected that transition rates obtained using the HH PES will be higher than those obtained with the Varandas and Pais [13] potential.
B. Previous Experimental and Theoretical Studies
The vibrational relaxation of air species is usually described by the Millikan-White (MW) equation that connects the vibrational relaxation time to the macroscopic parameters, such as temperature and pressure. In the original work [24] , the analysis of a large amount of experimental data was performed. It was found that vibrational relaxation becomes more efficient as gas temperature increases. The typical relaxation times of nitrogen and oxygen species vary from 10 −3 to 10 −7 atm · s in the range of temperatures from 1000 to 8000 K. However, there are several exceptions to this rule, when the vibrational relaxation of some species proceeds much faster. For example, the relaxation in NO-NO, O 2 -O, and N 2 -O collisions occurs two to three orders of magnitude faster than in other types of collisions. The experimental data on such molecular systems are scarce [25] [26] [27] and cover only a narrow temperature range below 4000 K.
The vibrational relaxation time in O 2 -O collisions at high temperatures was measured in experiments only by Kiefer and Lutz [28] and Breen et al. [27] using two different techniques. In the former work, atomic oxygen was generated before the vibrational relaxation by the thermal decomposition of ozone. Later, Breen et al. measured the "Napier" vibrational relaxation time [29] in the shock relaxation zone. In this case, a RF discharge was used to generate atomic oxygen in the O 2 -Ar mixture and in pure O 2 . Both works reported similar results; however, a substantially different temperature dependence of vibrational relaxation time was found.
According to [28] , fast vibrational relaxation in O 2 -O collisions is the evidence of a strong chemical effect between the target and projectile particles. Breen et al. [27] and Breig [30] suggested that the efficient energy exchange was due to the large attractive component in the three-body potential. Quack and Troe [12] employed the statistical adiabatic channel model and confirmed these results. Unfortunately, due to the lack of computational resources at that time, the investigation of O 2 -O collision dynamics was performed in a limited manner, leaving the problem of accurate state-to-state thermodynamic models unaddressed.
The analysis of microscopic parameters, such as collision duration and number of interatomic vibrations in the O 2 -O interaction, was performed in [31] . It was shown that an efficient energy exchange occurs via the strongly coupled complex formed between the projectile and target particles. The randomization of vibrational energy takes place at kinetic energies as low as 0.05 eV, particularly because of the deep potential well in the intermediate O 3 molecule. At larger collision energies, vibrationally inelastic collisions are less probable. An approach, similar to [31] , was adopted in [32] to analyze the vibrational deactivation rate at different kinetic temperatures. It was found that the vibrational deactivation is more efficient at low temperatures (500-2000 K) rather than at the high-temperature limit.
III. Governing Equations A. QCT Method
A trajectory of the target molecule and projectile atom is described by a system of first-order partial differential equations:
where q fq i ; Q i g are the generalized coordinates; p fp i ; P i g are the conjugate momenta of the molecule and atom-molecule system, respectively; and H is the total Hamiltonian [33] . The continuous range of translational energy from 10 −3 to 18 eV is studied. Stratified sampling is applied to integrate the transition probability over the impact parameter. The size of the bin is 2 × 10 3 trajectories per impact parameter per collision energy. An error analysis is performed for each trajectory by comparing the initial and final total energies. The initial rovibrational state of the target molecule is assigned to a constant for each batch when computing the bound-bound rovibrational transition probability. In the case when only transvibrational cross sections are of interest, the initial rotational state is chosen randomly according to the Boltzmann distribution. The internuclear distance r BC is sampled according to the approach proposed in [34] . The solution of Eq. (3) is obtained by the 11th-order-accurate Adams-Bashfort-Moulton method [35] with a variable time step. An averaged probability Φ of the bound-bound transition from the initial state (v, j) at translational energy E col is computed as follows:
where (v, j) are the initial vibrational and rotational quantum numbers; the transition probability Φ is sampled over the impact parameter b, orientation angles θ and φ, orientation η of the angular momentum, and initial vibrational phase angle ξ of the target molecule; and b max is the impact parameter at which only elastic collisions occur. The cross section of the bound-bound transition v; j → v 0 ; j 0 is calculated as follows:
where (v 0 , j 0 ) are the final vibrational and rotational quantum numbers. Sometimes, it is convenient to perform analysis assuming transrotational equilibrium. In this case, the state-specific cross section, given by Eq. (5), should be summed over all rotational states of the final vibrational state. The cross section of the transition v; j → v 0 is derived as follows:
Now, the cross section of the v → v 0 transition is found by averaging the cross section in Eq. (6) over the initial rotational state, assuming that they are populated according to the Boltzmann distribution with T rot T:
where g j 2j 1 modj; 2 is the rotational degeneracy of the state (v, j) in the O 2 ground electronic state. The decomposition of internal energy into vibrational and rotational contributions in Eq. (7) takes the following form: e vib;i e v;0 and e rot;i e v;j − e v;0 . Then, the rotationally averaged rate of transition v → v 0 is calculated as follows:
The rate of the rotationally resolved bound-bound transition v; j → v 0 ; j 0 can be calculated in a manner similar to Eq. (8):
The principle of detailed balance is invoked to obtain the rates of endothermic bound-bound transitions in order to reduce the statistical error:
where Q v;j T rot ;T vib 2j1exp−e v;j −e v;0 ∕k B T rot exp−e v;0 ∕k B T vib
Thermal equilibrium is assumed in Eq. (10): T rot T vib T. The reaction rate, given by Eq. (9), has to be modified to account for the degeneracy of reactants and PES. For the bound-bound transition, induced by the collision of O 3 P and O 2 3 X − g , the spin and orbital degeneracy factor can be expressed in the form given in [36] :
where the factor of three corresponds to the O 2 triplet state. The expression in parentheses describes the degeneracy of O 3 P J , where J 0, 1, and 2. Now, the degeneracy factor of the bound-bound transition is found as a ratio of the PES degeneracy to the degeneracy of reactants. Taking into account that the PES of O 3 in the ground electronic state is nondegenerate, the total degeneracy is given by Eq. (11) . At high temperatures, the degeneracy factor asymptotically approaches a value of 1∕27.
B. Master Equations
At low kinetic temperatures, the population of rovibrational states converges to equilibrium significantly faster than the dissociation process takes place [3, 37] . At higher temperatures, dissociation and thermal relaxation occur within the same timescale, and these processes have to be studied in a coupled manner. In the present paper, vibrational relaxation is studied at temperatures ranging from 500 to 20,000 K. Strictly speaking, the simulation of heat bath conditions should include the molecular depletion; however, the dissociation is artificially excluded from the present study in order to focus on the state-resolved thermalization. Omitting the dissociation and recombination processes, the vibrational and rotational relaxations of oxygen can be studied by considering only boundbound transitions. The resulting master equation for the number density of rovibrational level i can be written as follows: (12) where N s is the total number of rovibrational states. The rates of bound-bound transitions are given by Eq. (9) . Equation (12) describes the rotational-vibrational-translational (RVT) energy transfer and is termed as the RVT model. An implicit method of third-order accuracy for diagonal and second-order accuracy for offdiagonal elements is applied to integrate Eq. (12) . The initial number density, given by n O 2 ;0 n O;0 , is set to 10 18 cm −3 . This is equivalent to a pressure of 1.3626 atm at a gas temperature of 10,000 K. No mass exchange with the surrounding medium is allowed. To simulate conditions when the atom-molecule collisions are dominant, the initial number density of atomic oxygen is set to α 0.99 of the total number density. At initial nonequilibrium conditions, the population of the rovibrational states is given by the Boltzmann distribution with the temperature T 0 100 K, as follows from Eq. (13):
where n O 2 ;0 is the total number density of oxygen. The initial internal temperatures, T rot;0 and T vib;0 , are equal to T 0 for the RVT model. The system of governing equations in the case of transrotational equilibrium has the following appearance:
i 0; : : : ; N v ; i 0 0; : : : ; N v (14) where N v is the total number of vibrational states, and transition rates are given by Eq. (8) . Equation (14) describes the vibrationaltranslational (VT) energy transfer and is termed as the VT model. The initial rotational temperature is set to the heat bath temperature, and the initial vibrational temperature is set to T 0 for the VT model.
IV. Results

A. Verification of VT Rates
The mono-and multiquantum vibrational deactivation rates, averaged at the rotational temperature T rot T in the range between 1000 and 10,000 K, are shown in Figs. 2a and 2b, respectively. Monoquantum transition rates from v 1, 10, and 20, obtained using the HH PES, are given by solid lines. The rates, obtained by the Varandas and Pais PES [13] , are shown with symbols, and rates from [11] are given by dashed lines. A similar notation is adopted in The difference between the HH and Varandas and Pais [13] rates is the largest at low temperatures. As expected, the influence of the three-body interaction term is the most significant under these conditions. The discrepancy diminishes at high temperatures. The maximum difference is on the order of two to four times at a temperature of 1000 K.
The present VT rates, obtained using the Varandas and Pais PES [13] , are in a very good agreement with those reported in [11] . One can see a disagreement at the high-temperature limit (T 10;000 K), which is explained by the insufficient upper limit of energy scale adopted in the Esposito and Capitelli calculations [11] . In the original paper [11] , the maximum of the kinetic energy was set to 3 eV; whereas in the present work, calculations at T 10;000 K are conducted up to 6.5 eV. The overall discrepancy due to the narrow energy scale reaches a maximum of 18%.
From Fig. 2 , it follows that the variation of VT rates is relatively small over the wide temperature range. This is also true for the large multiquantum transitions. Meanwhile, the rate of monoquantum deactivation from v 1, shown in Fig. 2a by dashed lines, only slightly increases toward high temperatures, suggesting that the relaxation time may also increase with the temperature. It is interesting to compare the present results to the transition rates observed in collisions of oxygen with an inert atom, such as argon [10] . The comparison of vibrationally resolved VT rates, generated in the present work by the QCT method, is shown in Figs. 3a and 3b for the O 2 -O and O 2 -Ar systems, respectively.
In both cases, the VT transition rates are obtained for each combination of initial and final vibrational states by summation over final rotational state j 0 , compatible with v 0 , and averaging over initial rotational state at transrotational temperatures of 2000, 3000, 5000, and 10,000 K. The lowest temperature corresponds to the lowest surface. The rates on the left of the peak correspond to exothermic transitions. The rates of endothermic transitions, calculated using the principle of detailed balance, are shown on the right of the peak. One can see a very weak dependence of O 2 -O rates of exothermic transitions on temperature, whereas the efficiency of vibrational deactivation in O 2 -Ar collisions strongly depends on the translation temperature. Moreover, there is a small variation of O 2 -O exothermic rates with the initial vibrational quantum number. The present results demonstrate a small decrease of O 2 -O VT rates at very high vibrational levels due to the dissociation channel. The weak dependence of rates on temperature and v can be attributed to the short memory about the initial state due to the strong energy randomization via the large attractive component of the O 3 PES [32] . On the other hand, O 2 −Ar vibrational deactivation rates strongly depend on v.
B. VT and RVT Models
The solution of Eq. (12) describes a time-dependent population of each rovibrational level during the relaxation to thermal equilibrium. Because the large number of states complicates further analysis, the energy-equivalent rotational and vibrational temperatures are used to describe the population of the entire rovibrational ladder. The average vibrational and rotational energies are evaluated in the following manner:
Due to the centrifugal forces arising from the rotation of a molecule, the vibrational and rotational levels of energy are coupled. To perform an appropriate sampling of trajectories in the QCT method, the energy of the internal degrees of freedom should be decoupled. In the present work, the "vibration-prioritized" framework [3, 38] is adopted. The energy of a vibrational state is calculated as the energy of the rovibrational state with j 0, whereas the energy of a rotational state is obtained as the difference between the rovibrational and vibrational energies. The rotational and vibrational temperatures are evaluated from e rot and e vib by solving the following implicit equations:
e vib e vib T vib (17) e rot e rot T rot ; T vib (18) where
In Eq. (20), Q v is the statistical weight of vibrational state v. The solution of Eqs. (17) and (18) is obtained by the bisection method. It is important to note that the vibrational and rotational temperatures, defined by Eqs. (17) (18) (19) (20) , are involved only in the postprocessing step, after the solution of the master equations has been obtained. The evolution of vibrational temperature, computed under the heat bath conditions at T 1000, 5000, and 10,000 K using rates corresponding to the HH PES, is shown in Fig. 4a . Solid and dashed lines correspond to the RVT and VT models, respectively. For the entire range of translational temperatures, the VT model predicts faster vibrational relaxation than the RVT model. This difference is caused by a significant rotational nonequilibrium in O 2 -O collisions. In fact, as will be shown later, the vibrational relaxation in the collision of oxygen with the parent atom is only slightly faster than the rotational relaxation.
A comparison of VT models using two sets of reaction rates from the HH and Varandas and Pais PESs [13] is shown in Fig. 4b . As one can see, the solution of master equations using the Varandas and Pais PES [13] predicts slower relaxation of vibrational energy than that by the HH PES. This result is expected from the general behavior of the VT rates in Fig. 2 . It is worth noting that the difference in the vibrational relaxation time becomes smaller as the translational temperature increases because, at these conditions, colliding particles interact mostly via the repulsive part of the potentials. The evolution of vibrational and rotational temperatures, given by the RVT model using rates from the HH PES, is shown in Fig. 4c . In the range of heat bath temperatures between 1000 and 10,000 K, a significant degree of vibrational and rotational nonequilibrium is observed. The latter explains the difference in T vib given by the VT and RVT models in Fig. 4a . At the early stage of relaxation, the rotational temperature is always lower than the vibrational temperature. This situation is also observed for N 2 -N collisions [3] . Eventually, the rotational temperature becomes greater than T vib at the late stage of relaxation. During the quasi-stationary relaxation phase, when modeling dissociation and recombination, the rotational temperature is always larger than the vibrational temperature. This feature is left for further investigation.
It is possible to define the vibrational and rotational relaxation times based on the temporal evolution of internal energy. There are several ways to define a characteristic relaxation time [39] . One of the ways is to calculate the relaxation time as if the equilibration process follows the Landau-Teller (LT) equation:
The vibrational energy, given by Eq. (21), evolves exponentially in time. The vibrational relaxation time τ vib is then defined by the corresponding vibrational energy e v;efold :
where e vib;efold is the average vibrational energy at time τ vib ; and e vib T 0 and e vib T are the average vibrational energies evaluated at initial and final temperatures, respectively. This approach is called the e-folding method [39] . The rotational relaxation time is calculated in a similar way. The present rotational and vibrational relaxation times are shown in Fig. 5 . Lines with square and delta symbols correspond to τ vib obtained by the VT model, using the HH and Varandas and Pais PESs [13] , respectively. The lines with right and left triangles correspond to τ vib and τ rot obtained by the RVT model from the HH PES, respectively. Circle and diamond symbols represent the vibrational relaxation time measured in experiments by Breen at al. [27] and Kiefer and Lutz [28] , respectively. The dashed-dotted line corresponds to the curve fit of vibrational relaxation time using the MW relation to the data from [28] .
The vibrational relaxation time obtained from the VT model and the Varandas and Pais PES [13] is in good agreement with the existing experimental data in the range from 1000 to 3600 K. Both τ vib , obtained from the Varandas and Pais [13] and HH PESs, have a positive temperature slope, which corresponds to the observation made by Breen at al. [27] . The agreement with the earlier measurements by Kiefer and Lutz is less successful [28] . The largest difference is observed in the high-temperature region and is not higher than 15%. Taking into account the overall uncertainty of the shock tube facility, the agreement with the experimental data is very satisfactory. To the authors' knowledge, other experimental data on the O 2 -O relaxation in this temperature range, as well as other simulations that adopt a master equation, do not exist.
The direct extrapolation of vibrational relaxation time by Kiefer and Lutz [28] outside of the experimental range by using the MW relation (dashed-dotted line in Fig. 5 ) shows a significant difference from the present models based on either Varandas and Pais [13] or HH potentials. The MW expression suggests that the vibrational relaxation of oxygen by the parent atom becomes more efficient with temperature [40] . The present results support a directly opposite trend: the vibrational relaxation time becomes smaller at low temperatures. The increase of vibrational relaxation time with temperature can be attributed to a strong chemical effect in the O 3 system due to the large attractive component in the PES [41] . This observation is in agreement with the results by Quack and Troe [12] , obtained by means of the statistic adiabatic channel model.
Both the RVTand VT vibrational relaxation times based on the HH PES are smaller than the relaxation time from the Varandas and Pais PES [13] . This result demonstrates the influence of the three-body interaction in the O 2 -O collisions. The HH PES has a deeper and broader potential well, compared to the Varandas and Pais PES [13] , as can be seen in Fig. 1 . This results in a stronger randomization of internal energy [31] . The agreement of the RVT HH vibrational relaxation time with the experimental data is very good; however, one should keep in mind that no O 2 −O 2 collisions are included in the present simulation. Thus, the actual RVT vibrational relaxation time in the O 2 −O mixture may be different from that reported in the present work.
Another interesting feature of the present results is the strong coupling between the vibrational and rotational relaxations. The results by the RVT model suggest that the rotational relaxation is only slightly faster than the vibrational relaxation in the range of temperatures from 500 to 10,000 K. The linking between τ vib and τ rot explains the large difference in the vibrational temperature obtained by means of the VT and RVT models in Fig. 4a . The presence of rotational nonequilibrium at high temperatures is in agreement with recent QCT simulations of other molecular systems [4, 10] . However, at low temperatures, the conventional assumption is that the rotational relaxation occurs much faster than thermalization of vibrational degrees of freedom [3] Fig. 4c .
The results of the VT model using the Varandas and Pais PES [13] are compared to the vibrational relaxation time derived from the rate of monoquantum deactivation and to that reported by Esposito et al. [5] and Ibraguimova et al. [15] in Fig. 6 . The curve with triangles and the curve with squares describe the vibrational relaxation time by the VT model and the corresponding rate of monoquantum deactivation from v 1. Circle symbols correspond to the experimental data from [27] . The relaxation time, given by the dashed line, is taken from the experimental work [15] . The solid line represents the relaxation time derived from the rate of monoquantum deactivation by Esposito and Capitelli [11] . The dashed-dotted line and square symbols represent Park's [17] curve fit and the theoretical data by Quack and Troe [12] . Experimental measurements by Kalogerakis et al. [42] and Pejaković et al. [43] at room temperature are given by right and left triangles, respectively.
The results by Ibraguimova et al. [15] were obtained by measuring the vibrational temperature behind the shock waves in pure oxygen in the range of postshock temperatures between 4000 and 10,800 K. The experimental data on the absorption of laser radiation in the Schumann-Runge bands were interpreted in terms of vibrational temperature. The vibrational relaxation time was then fitted to the general form, given by the Landau-Teller theory [44] for the best description of T vib using the two-temperature model. The following equation was used to obtain τ vib :
where P is the pressure; P 10 is the probability of vibrational deactivation; σ 0 is the gas-kinetic effective cross section; and μ and θ are the reduced mass of colliding particles and characteristic vibrational temperature of the target molecule, respectively. The vibrational relaxation time, given by Eq. (23), asymptotically converges to the MW equation at low temperatures, since P 10 ∼ exp−T −1∕3 , as shown in [15] . Equation (23) [15] and those generated by the present VT model is very satisfactory, and both results are substantially different from the MW relation. The relaxation times, calculated from the K 1→0 rate in the present work and in [5] , are in good agreement as well.
The vibrational and rotational relaxation times calculated by the efolding method can be fit by a polynomial function of translational temperature in the range from 1000 to 20,000 K. The following function is used to approximate the relaxation times:
where x stands for either the vibrational or rotational mode, Pτ x is in measurements of atmosphere x second, and T is in Kelvins. Coefficients A, B, C, and D are given in Table 1 . The root-meansquare error of the curve fit is not larger than 1.5 × 10 −3 %. The relaxation time, obtained by means of the RVT model on the HH PES, is used to verify the adequacy of the Landau-Teller model, given by Eq. (21) . The evolution of average vibrational and rotational energies, calculated from Eq. (21) using the relaxation parameters from Table 1 , is compared to e vib and e rot obtained from Eqs. (15) and (16) in Figs. 7a and 7b. Chemical reactions are not considered. The pressure is set to 1.3625 atm at a heat bath temperature of 10,000 K. The Landau-Teller model perfectly describes the average energy of the rovibrational ladder at kinetic temperatures ranging from 1000 to 20,000 K using the relaxation times derived in the present work.
To make the results applicable in computational fluid dynamics codes, the state-resolved O 2 -O VT transition rates based on the accurate Varandas and Pais PES [13] are curve fitted in the range of translation temperature from 1000 to 20,000 K. Transrotational equilibrium is assumed when averaging the QCT data over initial j. In the present work, the following function is used to describe the rates of vibrational deactivation:
where v ≥ v 0 , T is in Kelvins; the transition rate KT; v → v 0 is in cubic centimeters per second; and coefficients a 1 , a 2 , and a 3 for each of the 1128 transitions are specified in the Appendix. The present data have some important advantages over the results presented in [11] . The lower range of translational temperature is limited to 1000 K. At lower temperatures, the O 2 -O transition rates vary drastically due to the large influence of the O 3 potential well, introducing larger errors in the curve fit. Thus, the present curve fit coefficients have smaller errors compared to those in [11] . The maximum error is 15% for v 41 − 46 and is less than 6% for the rest. Additionally, the present rates are more accurate at temperatures above 10,000 K, since O 2 -O collisions are simulated up to the kinetic energy of 6.5 eV. The data, given in Table A1 , are available upon request.
C. Analysis of RT and VT Rates
One can evaluate the rate of rotational-translational and vibrational-translational energy exchange using only the full set of rovibrational transition rates without involving the solution of master equations. The rate of total energy loss from vibrational level v during the bound-bound transition to level v f can be expressed as follows [45] : It is assumed in Eq. (25) that the population of rotational levels is described by the Boltzmann distribution at temperature T rot . The similar expression for the energy gain by vibrational level v 0 during the bound-bound transition from the level v can be written as follows:
exp−e v;j −e v;0 ∕k B T rot P j 0 e v 0 ;j 0 KT;v;j → v 0 ;j 0 P j e v;j 2j1 exp−e v;j −e v;0 ∕k B T rot (26) The loss and gain of energy, described by Eqs. (25) and (26), consist of vibrational and rotational contributions. To evaluate individual contributions, the vibrational energy of molecules in the ground rotational state must be subtracted:
where R In the present work, the total rate of energy gain by internal modes is estimated using the transition rates from the HH PES. It is interesting to compare R T;rot and R T;vib in O 2 -O collisions to that of another atom-molecule system. Colonna et al. [45] performed similar calculations for the collisions of the hydrogen molecule with its parent atom. The O 2 -Ar state-resolved rates also became available recently [10] . In the present work, a comparison of rotational and vibrational energy gains is performed for the fixed internal temperature T rot T vib 50 K and translational temperature from 10 2 to 10 5 K. These parameters correspond to the typical conditions observed immediately behind a shock front. R T;rot and R T;vib coefficients for the O 2 -O, H 2 -H, and O 2 -Ar systems are shown in Fig. 8 . These results do not indicate which species proceeds to equilibrium faster than the others, since all rates are normalized to their own maximum values. The energy gain by the translational mode (not shown in Fig. 8 ) is always negative, and the corresponding rate asymptotically approaches unity for all translational temperatures. This represents the loss of energy by translational degree of freedom. The negative sign of R rot and R T;vib corresponds to the gain of energy. At low temperatures, nearly all energy from the translational mode is spent to excite the rotational degrees of freedom, whereas the vibrational mode remains virtually inactive. This regime is observed at temperatures below 8000 K for O 2 -Ar, 1000 K for hydrogen, and 400 K for O 2 -O. As the temperature increases further, the energy from translational motion is shared between the vibrational and rotational degrees of freedom. Note that the rate of energy gain by the rotational mode is always larger than that by the vibrational mode.
Recent master equation studies of state-to-state kinetics of hydrogen [7] revealed a significant transrotational nonequilibrium at kinetic temperatures of 6000 K and higher. The presence of nonequilibrium can be judged by a relatively large deposition of kinetic energy into the vibrational degrees of freedom, compared to the rotational mode, as follows from Fig. 8 . The same ratio of R T;rot and R T;vib for O 2 -O collisions is observed at temperatures as low as 2000 K. Comparing R T;rot and R T;vib for O 2 -Ar collisions, one may conclude that the rotational nonequilibrium in this case occurs at higher temperatures than in O 2 -O and H 2 -H collisions. The solution of master equations, performed in [10] , indicates that the rate of rotational relaxation becomes important at kinetic temperatures of 10,000 K and higher. This result is in agreement with the expectation of rotational nonequilibrium in H 2 -H and O 2 -O collisions.
It is interesting to compare the vibrational and rotational relaxation times in O 2 -O collisions with the relaxation times in pure oxygen, as well as in O 2 diluted by a chemically inactive gas, such as argon. An extensive overview of the experimental data on rotational relaxation in pure oxygen at temperatures below 1500 K can be found in [46] . To the authors' knowledge, the experimental data on O 2 rotational relaxation at higher temperatures do not exist. However, the rotational relaxation time in O 2 -Ar collisions was recently calculated by the QCT method over a wide temperature range [10] . The O 2 -O, O 2 -Ar, and O 2 -O relaxation times are shown in Fig. 9 . Diamond and delta symbols correspond to the vibrational and rotational relaxation times in pure oxygen, taken from [40] and [46] . Square symbols correspond to the O 2 -Ar vibrational relaxation time, measured in shock tube facilities [47] . Solid and short-dashed curves correspond to the vibrational and rotational relaxation times of O 2 -O obtained in the present work by means of the RVT model via the HH PES. Longdashed and dashed-dotted lines describe the rotational and vibrational relaxation in O 2 -Ar [10] .
It follows from Fig. 9 that the rotational nonequilibrium in O 2 -Ar collisions is significant only at temperatures of 10,000 K and higher. Below these temperatures, the rotational relaxation time is two to three orders of magnitude smaller than the vibrational relaxation time. This fact confirms the conclusion drawn from Fig. 8 . The 
D. Nonreactive and Exchange Channels of Reaction
The exchange channel in collisions of oxygen with the parent atom has a significant impact on the process of internal energy transfer. Bauer and Tsang [41] have made an assumption that the vibrational relaxation in the O 3 complex occurs entirely via the exchange channel. This observation was partially confirmed by Esposito and Capitelli [11] . They demonstrated the importance of the exchange channel by comparing rates of removal and monoquantum deactivation from the first excited vibrational level. The exchange mechanism contributes up to 30% to the total rate of monoquantum deactivation at temperatures below 300 K, rapidly diminishing at high temperatures. Particular interest in the exchange reaction is due to its absence in collisions of oxygen with other species, such as argon. The present paper analyzes the contribution of the exchange reaction to the vibrational relaxation in a straightforward manner by computing the corresponding transition probability over a wide range of collision energies.
Vibrational transition probabilities via the exchange and nonreactive channels in O 2 -O and O 2 -Ar collisions are shown in Figs. 10a and 10b , respectively, for the initial state (v 1, j 1). For O 2 -O, probabilities are obtained from the Varandas and Pais PES [13] . Details on O 2 -Ar calculations are given in [10] . Solid and dashed curves correspond to the exchange and nonreactive channels, respectively. The probability of vibrationally elastic transition is shown for reference by curves with symbols. One can see that vibrational transitions in O 2 -O collisions occur at much lower kinetic energies than in the O 2 -Ar interaction. In the latter case, the QCT method resolves only rotational transitions at collision energies lower than 1.7 eV. This fact explains an efficient rotational relaxation compared to the vibrational mode in the O 2 -Ar mixture. Here, one should note that the number of trajectories, adopted for the O 2 -Ar QCT simulation, was 2000. The vibrational transition probability for these species at low temperatures is orders of magnitude smaller than that in O 2 -O collisions, as follows from Fig. 9 . Thus, to obtain accurate vibrational transition probabilities for the O 2 -Ar system, one should significantly increase the number of trajectories in the QCT simulation. At the same time, the probability of vibrational deactivation is comparable for the O 2 -O and O 2 -Ar systems at energies above 5 eV, which explains the close vibrational relaxation times in Fig. 5 .
The exchange and nonreactive channels of deactivation are both active in O 2 -O collisions starting from very low energy. The contribution of the exchange channel is significant for energies below 1 eV; however, at higher energies, the exchange probability rapidly approaches to zero. The exchange probability during the vibrationally elastic collision is small for all considered energies.
The vibrational energy randomization is also studied for highlying levels in Figs. 11a and 11b for the initial state v i 20, j 1.
The probability of multiquantum vibrational deactivation at low collision energies is strongly dependent on the exchange channel. The latter contribution is nearly twice as high as the probability of the nonreactive channel at kinetic energies between 0.1 and 1 eV. The contribution of the exchange channel diminishes at high energies, whereas the nonreactive channel remains open. This situation also takes place in transitions to higher vibrational states, as shown in Fig. 11b . More important, the exchange plays a dominant role in large multiquantum jumps rather than in transitions with small energy randomization, as follows from Fig. 11a . For the transition v 20 → v 0 15, the nonreactive channel plays a major role for energies of 1 eV and higher, whereas for the transition v 20 → v 0 0, this takes place only at energies higher than 10 eV.
V. Conclusions
Two sets of transition rates in O 2 -O collisions are generated by means of the QCT method for each vibrational state using the 
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Varandas and Pais PES [13] and for each rovibrational state using the PES obtained from the Hulburt-Hirschfelder potential. These PESs are different by the presence of the O 3 three-body interaction term. The vibrational and rotational relaxations of oxygen in collisions with its parent atom are modeled by the master equation, constructed for each vibrational and rovibrational state. A heat bath of oxygen at a constant temperature between 1000 and 20,000 K is considered under the assumption of transrotational equilibrium (VT model), as well as treating rotational and vibrational relaxation in a similar manner (RVT model).
The present VT and RVT models satisfactorily reproduce the experimental data on O 2 -O vibrational relaxation time in the range of experimental measurements between 1000 and 3600 K. However, the relaxation time, derived from the solution of master equations, has a significantly different temperature dependence compared to that in the conventional Millikan-White equation. Namely, the vibrational relaxation in O 2 -O collisions is very effective at low temperatures, and it slowly increases toward the high-temperature limit. The rotational and vibrational relaxation times are comparable in the range of temperature between 1000 and 10,000 K, suggesting that the vibrational and rotational modes should be treated individually.
Trajectory simulations, carried out on the Varandas and Pais [13] and HH PESs, revealed a similar temperature dependence of vibrational relaxation times. The former PES predicts slower vibrational relaxation compared to that of the HH PES. The difference in relaxation times between the Varandas and Pais [13] and HH PESs increases at low temperatures, indicating the importance of the geometry and depth of the O 3 potential well at these conditions. At high temperatures, the difference in transition rates between these two PESs becomes small due to the predominant interaction of the target and projectile via the repulsive branches of the potential. It is of interest to investigate the dynamics of O 2 -O collisions on completely ab initio PES in the future, as well as to expand the range of existing experimental measurements.
In the present work, convenient relations for the e-fold rotational and vibrational relaxation times are derived. The Landau-Teller model accurately describes the evolution of the average vibrational and rotational energies using the present relaxation parameters. The detailed analysis of the state-to-state transition rates indicates that rotational nonequilibrium in O 2 -O collisions occurs at much lower temperatures than in H 2 -H and O 2 -Ar mixtures. This fact may be important when modeling shock flows with a significant amount of oxygen atoms.
The probabilities of O 2 -O multi-and monoquantum vibrational jumps are comparable with each other. This result is profoundly different from what is typically observed in molecular systems with a large repulsive potential. Meanwhile, the exchange channel of the O 2 -O collision has a large impact on the internal energy randomization. The probability of the exchange trajectory that leads to a vibrational deactivation is larger than that of the nonreactive channel at low collision energies. The contribution of the exchange channel diminishes with collision energy, and vibrational deactivation at high temperatures occurs mostly via inelastic collisions. The contribution of the exchange channel to the process of energy randomization is more significant for large vibrational jumps. A database of vibrational transition rates, computed on the Varandas and Pais PES [13] assuming transrotational equilibrium is given in the Appendix for temperatures between 1000 and 20,000 K.
Appendix: Curve Fit Coefficients of VT Transition Rates
See Table A1 .
Acknowledgments
The authors gratefully acknowledge funding for this work through U.S. Air Force Office of Scientific Research grant FA9550-12-1-0483. D. Andrienko would like to thank Jae Gang Kim for the O 2 − Ar quasiclassical trajectory program code and numerous fruitful discussions, as well as Kevin Neitzel for the curve fitting tool. 
